We have examined 136 isolates of Yersinia species, comprising 112 strains of Yersinia enterocolitica, 12 of Y. frederiksenii, 8 of Y. intermedia, and 5 of Y. kristensenii, for the presence of 40-to 50-megadalton virulence-associated plasmids and expression of the following plasmid-associated characteristics: Congo red pigmentation (CR), calcium dependence, autoagglutination, hydrophobicity, resistance to normal human serum, and pathogenicity in mice. Ail 136 strains yielded both pigmented (CR') and nonpigmented (CR-) variants. Only CR' variants, however, were virulent for iron-overloaded, desferrioxamine B-treated mice (R. M. Robins-Browne and J. K. Prpic, Infect. Immun. 47:744-779, 1985). Although the in vitro virulenceassociated characteristics generally occurred together, each one could be expressed independently. Strains of Y. frederiksenii, Y. intermedia, and Y. kristensenii also expressed individual virulence-associated properties. Of 53 Y. enterocolitica strains which were virulent for iron-overloaded, desferrioxamine-treated mice, ail but one expressed every virulence-associated characteristic. Several strains which were avirulent for mice, however, demonstrated these characteristics in various combinations. Because many Yersinia strains, particularly environmental isolates, carried plasmids of 40 to 50 megadaltons, detection of plasmids provided little information about bacterial pathogenicity unless virulence-associated properties were also sought. The best in vitro predictor of virulence was autoagglutination, followed by calcium dependence. Because only CR' variants expressed virulence-associated determinants, Congo red pigmentation is useful for selecting potentially virulent strains.
avirulent (7, 8, 21) , expressed individual virulence-associated characteristics.
Bacterial virulence was assessed in iron-overloaded, desferrioxamine-treated mice (31) , and the results of these tests were correlated with those for the expression of virulenceassociated traits in vitro. Of the virulence-associated characteristics examined, autoagglutination of Y. enterocolitica strains which bound Congo red was the most reliable predictor of pathogenicity for animals.
MATERIALS AND METHODS
Bacteria. A total of 136 Yersinia strains were examined ( Table 1 ). The strains were obtained from the following workers: E. J. Bottone Table 1 , were obtained mainly from dairy products; two strains isolated from rodents were included in this group. All strains were characterized biochemically and were assigned to spe- cies (2, 4, 9) and biotypes (6, 36) . In most cases, serogroups were determined by Dr. Wauters.
Since we have previously shown that Congo red pigmentation appears to correlate with virulence, strains were initially screened on Congo red acid-morpholinepropanesulfonic acid pigmentation (CRAMP) agar (31) at pH 7.0 rather than pH 5.3 (see below). Tests for other virulence-associated characters were performed with pigmented (CR') and nonpigmented (CR-) isogenic pairs. Cultures were maintained on CRAMP agar plates at 4°C and stored at -20°C as thick suspensions in 34% glycerol-1% peptone.
CRAMP agar. CRAMP agar was made as previously described (31) . However, it was found that pH 7.0 was more suitable than pH 5.3 for screening uncharacterized isolates.
At pH 7.0, CR' strains are red and CR-strains are white or pale pink.
Calcium dependence. Calcium dependence was determined by growth on agar containing magnesium oxalate (MOX agar) (18) . Calcium-dependent (MOX+) strains, after overnight growth at 37°C, yielded pinpoint colonies, whereas strains not requiring calcium for growth at 37°C gave colonies that were 0.5 to 2.0 mm in diameter.
Autoagglutination. CR' and CR-colonies were examined for autoagglutination by the method of Laird and Cavanaugh (23), with the modifications described previously (31) . Strains which autoagglutinated at 37°C but not at 25°C were scored as positive.
Hydrophobicity. The hydrophobicity of the isolates was determined by measuring their adherence to the liquid hydrocarbon n-hexadecane as described by Rosenberg and Rosenberg (33) . Strains were considered positive when the optical density measured at 500 nm of the aqueous phase was reduced by 50% or more. n-Hexadecane had no effect on hydrophilic cells; the optical density after treatment was unchanged. As found by Lachica and Zink (22) , hydrophobicity was expressed only at 37°C.
Serum resistance. The resistance of the strains to the bactericidal effects of normal human serum was assessed as described previously (31) .
Isolation and characterization of plasmids. Plasmid DNA was isolated from overnight cultures grown in nutrient broth at 25°C by the method of Portnoy et al. (30) . The molecular weights of Yersinia spp. plasmids were determined by comparing their mobilities with those of standard plasmids from Escherichia coli (31) .
Mouse lethality. The virulence of each isogenic pair was assessed by inoculating 107 cells intraperitoneally into pairs of BALB/c adult female mice pretreated with 5 mg of iron-dextran and 5 mg of desferrioxamine (Desferal; Ciba Geigy, Lane Cove, Sydney, Australia) (32). Mice were examined daily for up to 21 days. RESULTS Congo red pigmentation. Our initial studies with Congo red pigmentation (31) suggested that the ability to take up this dye was a useful indicator of virulence in Y. enterocolitica. However, as we had reached this conclusion after studying only seven strains, we decided to examine our entire collection of Yersinia species to see how widespread this phenomenon was.
To our surprise, each of the 136 strains examined yielded both CR' and CR-variants. Fresh isolates tended to be predominantly CR', whereas those which had been stored for a prolonged period were predominantly CR-. For some strains isolated from food, in which Congo red binding may be chromosomally determined, isolation of CR' or CRvariants from the parent strain required repeated passage on CRAMP agar.
In the course of obtaining pure CR' and CR-variants, we found that many strains yielded orange colonies, which differentiated into CR' and CR-colonies after being subcultured. Some strains gave color-sectored colonies, and others had sectors at the edge of the primary inoculum, with isolated colonies being either red, orange, or sectored ( Fig.   1 ).
Some of the isolates from food never gave pure "white" colonies, but grew instead as orange variants of rough colonial morphology. For these isolates the CR' variant was intensely red and could easily be distinguished (Fig. 1B) .
Congo red pigmentation and virulence. Apart from serogroup 08 strains, the virulence of Y. enterocolitica strains of clinical origin is difficult to demonstrate in laboratory animals (1, 26, 27) . We have recently shown that mice treated with iron and desferrioxamine B are susceptible to infection with virulent Yersinia isolates of all serogroups (32) . Thus, for the purposes of this study, virulence was defined as lethality for iron-overloaded, desferrioxaminetreated mice. Both CR' and CR-variants of each strain were tested in this animal model. Of the 136 strains examined, only 53 (50 clinical and 3 food isolates [ Table 1 ]) were virulent. In each of these 53 strains, only the CR' variant was virulent; the CR-variants of these strains had no effect on mice, even though the mice had been overloaded with iron and treated with desferrioxamine. For the remaining strains, neither CR' nor CR-variants were virulent.
Congo red pigmentation and virulence-associated characteristics. All of the strains described in this study were examined for a number of virulence-associated markers, including the presence of a 40-to 50-Md plasmid and the plasmid-associated characteristics of calcium dependence, autoagglutination, hydrophobicity, and serum resistance. Before being separated into CR' and CR-variants, few of the strains displayed any of these properties. It should be noted, however, that many of these strains had been stored for up to 2 years and were predominantly CR-. With the exception of the few CR-variants discussed below, only CR' bacteria expressed virulence-associated characteristics. Some strains expressed all of the characteristics, whereas others expressed only one or two (Table 1) .
CR-variants of virulent strains never harbored plasmids in the size range 40 to 50 Md. However, such plasmids were found in some CR-variants of avirulent environmental isolates. Indeed, several environmental isolates, both CR' and CR-, harbored two or more plasmids, usually within the 30-to 50-Md size range (data not shown).
None of the CR-variants were calcium dependent, nor did they autoagglutinate (except for two strains of which both the CR' and the CR-variants autoagglutinated at 25°C as well as at 37°C; these strains were scored as negative). Three CR-isolates were hydrophobic: one Y. frederiksenii, one Y. kristensenii, and one Y. enterocolitica (the same strain which autoagglutinated at both temperatures). In six Y. enterocolitica strains, both the CR' and CR-variants were resistant to human serum (14) . Serum resistance seemed to be chromosomally determined in these strains, and also in one strain each of Y. frederiksenii and Y. kristensenii, because none of them bore detectable plasmids.
Correlation between in vitro expression of virulence-associated characteristics and lethality for mice. (11, 32) . Recently we suggested that this inherent virulence may be due to a lower requirement for iron, and we showed that serogroups other than 08 can be virulent in iron-overloaded, desferrioxamine-treated mice (32) . Through the use of this animal model, yersiniae are clearly divisible into virulent and avirulent groups: the 50% lethal dose for virulent strains is less than 103 organisms, whereas that for avirulent strains is greater than 108 organisms. This assessment of virulence correlates with the ability of strains, introduced orally, to cause illness and diarrhea in iron-overloaded, desferrioxamine-treated mice and in neonatal gnotobiotic piglets (Robins-Browne et al., in press).
The binding of Congo red parallels hemin binding (34) and has been correlated with virulence in several bacterial species (25, 29) . Indeed, all of the 136 strains we examined which bound Congo red also bound hemin (data not shown). However, contrary to our initial expectations, there appeared to be no direct correWation between pigmentation and virulence. It would seem that Congo red pigmentation is not a simple, unique indicator of virulence in Y. enterocolitica and related species. Nevertheless, our results indicate that only pigmented bacteria are virulent. Thus, as with Y. pestis (10, 19) and Shigella flexneri (25) , pigmentation is evidently a requirement for virulence in Y. enterocolitica.
Pigmentation in Y. pestis is chromosomally determined (10) . In contrast, pigmentation in Shigella spp. is determined by a plasmid (25) . The presence of sectors in Y. enterocolitica colonies (Fig. 1) indicates that pigmentation is an unstable characteristic. Indeed, Y. enterocolitica strains have a high rate of spontaneous plasmid curing (about 1%) (3). Virulent strains appear to have pigmentation encoded by the virulence-associated plasmid (31) . In other strains, however, particularly those isolated from food, which show no evidence of plasmid DNA, or in which both CR' and CR- (5, 12, 15, 20, 22-24, 28, 30) . In this study, we chose to examine characters for which determination requires little effort and which are simple to score, namely, calcium dependence, autoagglutination, hydrophobicity, and serum resistance.
Calcium dependence is the most widely used indicator of virulence (3, 10, 15) . However, as several other workers have found (13, 21) , examination of stored isolates discloses only a small percentage of colonies which demonstrate this characteristic. We overcame this problem by deliberately isolating CR' variants before we examined our strains. This was particularly valuable because MOX agar selects against calcium-dependent organisms.
It has also been noted that, with the exception of serogroup 08 strains, calcium-dependent isolates are rarely lethal for normal mice (13, 21) . Accordingly, the usefulness of calcium dependence as an indicator of virulence was uncertain. This uncertainty was removed when ironoverloaded, desferrioxamine-treated mice were examined. By using this animal model we showed that all virulent strains are calcium dependent. However, not all calciumdependent strains are virulent. This phenomenon has also been observed with Y. pseudotuberculosis (35) .
Autoagglutination is another widely used indicator of virulence (21, 23) . The positive predictive values (Table 2) show that autoagglutination has the highest specificity. How- ever, this was the one characteristic that was not 100% sensitive, insofar as one strain which did not autoagglutinate but which did express the other plasmid-associated properties was lethal for iron-overloaded desferrioxamine-treated mice.
Hydrophobicity and serum resistance, although relatively simple and rapid tests, are not especially predictive of virulence, in that many strains which expressed these characteristics were avirulent. Similarly, demonstration of plasmid DNA per se was of limited usefulness and barely worth the effort, unless, perhaps, it is combined with restriction endonuclease fingerprinting (17, 30 
